Nineteen Streptococcus suis type 2 isolates were evaluated for their virulence in pigs and mice. Of these, seven were determined to be highly virulent in pigs on the basis of clinical sign scores and gross pathology and histopathology results. Clinical sign scores correlated with gross pathology and histopathology scores at P equal to 0.004 and P equal to 0.009, respectively. The virulence of highly virulent isolates in pigs compared somewhat with virulence in mice, but the correlation was not significant. No correlation of virulence was noted among the moderately virulent and avirulent isolates in pigs and mice. Chromosomal DNAs from all S. suis isolates were evaluated by PstI, PvuII, EcoRI, and HaeIII restriction enzyme digestion followed by hybridization with a digoxigenin-11-dUTP-labeled cDNA probe transcribed from 16S and 23S rRNAs from Escherichia coli. The hybridization patterns (ribotypes) varied depending upon the enzyme used, but a significant number of isolates determined to be highly virulent in pigs had unique hybridization patterns compared with those of the moderately virulent and avirulent isolates (P ‫؍‬ 0.002). In addition, hemolysin activity showed a high correlation to virulence (P ‫؍‬ 0.00008) and ribotype (P ‫؍‬ 0.002).
Streptococcus suis type 2 is an important pathogen of swine. It causes septicemia, arthritis, meningitis, encephalitis, and endocarditis and has been associated with pneumonia (29) . S. suis type 2 is the serotype most often associated with disease in swine; however, not all type 2 isolates cause disease (34) . Carrier rates have been shown to be as high as 100% (23) .
Thiol-activated hemolysins have been implicated as major virulence factors for several bacteria (1, 9, 26) . Hemolysins of S. suis type 2 with molecular masses of 54 and 62 kDa have recently been identified and characterized (8, 13, 17) . Although S. suis hemolysin belongs to the thiol-activated family of toxins (16) , the actual involvement of hemolysin in the virulence of this organism is unknown. In vitro hemolysin activity has been shown by a high percentage of S. suis strains collected from diseased pigs (18) . Additional virulence factors of S. suis include a muramidase-release protein (MRP) and an extracellular protein factor (EF), which have been shown to be necessary for the full expression of virulence (35) . Other virulence factors of S. suis such as capsule, fimbriae, and adhesins are not well characterized (12, 19, 27) .
Several molecular biology-based methods have been used to characterize S. suis isolates. Twenty-three serotypes of S. suis (types 1 to 22 and type 1/2) were analyzed by determining the restriction fragment length of chromosomal DNA (21, 22) . This method revealed the existence of genetic heterogeneity among fingerprints of serologically identical S. suis isolates. The use of patterns obtained by restriction enzyme digestion analysis followed by hybridization with rRNA (ribotyping) or DNA probes also has shown heterogeneity within and between S. suis serotypes (2, 15, 24, 32) . Beaudoin et al. (2) also used ribotyping to investigate different types of infections to determine if different strains were associated with different types of infection and showed that most S. suis type 2 strains isolated from pigs with porcine septicemia were grouped within a single ribotyping profile. An association between ribotype and production of the virulence factors MRP and EF also has been shown in S. suis serotypes 1 and 2 (32) . The purpose of this study was to determine if there are characteristics which could be used as indicators of the virulence of S. suis type 2 isolates in pigs.
MATERIALS AND METHODS
Bacterial strains. The 19 isolates of S. suis serotype 2 used in this study are listed in Table 1 . Stock cultures were maintained on glass beads in Todd-Hewitt broth (Difco Laboratories, Detroit, Mich.) at Ϫ70°C. For animal inoculation studies, the isolates were grown on sheep blood agar plates (Remel, Lenexa, Kans.) and a single colony was subcultured into Todd-Hewitt broth with 0.6% yeast extract (Difco) and incubated for 6 to 7 h at 37°C in 6% CO 2 . Cultures were centrifuged at 8,000 ϫ g for 10 min, and the bacteria were resuspended in sterile phosphate-buffered saline to an optical density at 560 nm of 1.1. The cells were further concentrated fivefold, with the resulting suspension containing 10 10 CFU per ml. Inocula were quantitated by a standard plate counting technique to confirm the challenge doses.
Hemolysin assay. Hemolysin assays were carried out for each isolate as described previously (8) . Briefly, colonies were harvested from tryptic soy agar (Difco) plates with cold RPMI 1640 (RPMI; GIBCO Laboratories, Grand Island, N.Y.), and the optical density at 560 nm was adjusted to 1.6. The suspension was incubated aerobically for 1 h at 40°C, and the supernatant was filtered through a 0.45-m-pore-size nylon filter (Micron Separations Inc., Westboro, Mass.). Supernatants were kept on ice, and assays for hemolysin activity were conducted immediately.
One hundred-microliter aliquots of the hemolysin supernatants were added in triplicate to round-bottom, 96-well microtiter plates. One hundred microliters of 1% sheep erythrocytes was added to each well, and the plates were incubated at 37°C for 2 h in 6% CO 2 . Unlysed erythrocytes were removed by centrifugation at 100 ϫ g for 10 min. The supernatant was transferred to a flat-bottom, 96-well microtiter plate for spectrophotometric analysis at A 410 . One hemolytic unit was defined as the highest dilution of supernatant that resulted in 50% hemolysis of 1 ml of 1% sheep erythrocytes.
Mice. Seven-week-old BALB/c mice were used in this study. Groups of six mice were injected intraperitoneally with 1 ml of bacterial strain containing 10 times the 50% lethal dose determined for strain 89-3977B by a procedure described by Reed and Muench (30) . Strain 89-3977B, a strain highly virulent for pigs, is the standard challenge strain used in our laboratory. Mice were observed daily for 7 days for morbidity and mortality. Clinical sign scores were assigned by using the following system: 3, death; 2, very sick, unable to move; 1, moderately sick; and 0, clinically normal. Mean clinical sign scores per isolate per day were used to determine virulence. Heart blood was taken for culture at the time of death to confirm infection.
Pigs. Seventy-six high-health-status (20) barrows (maternal line, Newsham hybrids; age, 44 Ϯ 1 days) were obtained from a closed herd initially populated with cesarean-derived pigs. No clinical signs of infectious disease were observed in the herd of origin 30 days prior to or 30 days following initiation of the experiment. Pigs were allotted by initial weight to 1 of 19 solid-sided polyethylene pens.
On day 1, blood was collected intravenously and rectal temperatures were taken. Each pig was then injected intravenously with 1 ml of a logarithmic-phase culture of the appropriate S. suis isolate containing approximately 10 10 CFU as described above. Rectal temperatures and clinical signs based on lameness, depression, and central nervous system (CNS) disorders were recorded daily following inoculation. Each clinical sign was given a numerical score, as follows: 4, death; 3, severe signs of infection (recumbent and unable to stand); 2, moderate signs of infection (moderate lameness and/or CNS disorders; recumbent and reluctant to stand if provoked); 1, mild clinical signs of infection (slight lameness and/or CNS disorders; easily provoked to rise if recumbent); and 0, clinically normal. Blood was collected every other day postinoculation for leukocyte and fibrinogen analysis. One week after inoculation, the pigs were euthanized by electrocution for necropsy.
Tissues (brain, joint, lung, and heart) were collected for bacterial culture and histopathology. For histopathology, tissues were assigned scores of 0 for no tissue reaction, 1 for moderate tissue reaction, and 2 for severe tissue reaction. More specifically, histological lesions were graded on the basis of the degree of cellular infiltration, presence of fibrin, necrosis, and the level of inflammation present in that particular tissue.
Gross lesions were examined for severity of infection including meningitis, pneumonia, pleuritis, pericarditis, peritonitis, and synovitis. Scores indicating the type of lesion were given as follows: 0, no visible lesion; 1, minimal to mild lesion; and 2, moderate to severe lesion. Lesions were scored on the basis of an abnormal color and/or viscosity of fluid, swelling and/or organ discoloration, and the presence of fibrin in each respective organ.
Isolation of chromosomal DNA. Chromosomal DNA was isolated as described previously (24) . The DNA preparations were stored at 4°C until needed.
Restriction endonuclease digestion. The DNA was digested for 4 to 5 h with four different restriction endonucleases (PstI, PvuII, HaeIII, and EcoRI) according to the recommendations of the manufacturer (Promega). The 20-l digestion mixture consisted of DNA (3 g), buffer (10ϫ), enzyme (10 U), and water.
Following restriction digestion, reactions were stopped by heating the solutions for 10 min at 65°C and then cooling for 5 min on ice.
Electrophoresis. The digested fragments were separated in a horizontal gel containing 1% (wt/vol) agarose. Electrophoresis was done at room temperature at 40 V for 18 h. Digoxigenin-labeled DNA molecular weight marker II (Boehringer Mannheim, Indianapolis, Ind.) was used as the molecular weight standard.
Southern blotting. The gels were depurinated in 250 ml of 0.25 M HCl for 9 min and then rinsed three times in distilled water. The fragments were denatured by incubation in 250 ml of 0.5 M NaOH and 1.5 M NaCl for 30 min and were then neutralized in 250 ml of 0.5 M Tris-HCl with 1.5 M NaCl for at least 30 min. Fragments were transferred overnight to a positively charged nylon membrane (Boehringer Mannheim) by the method of Southern (33), UV cross-linked (GS Gene Linker; Bio-Rad Laboratories, Richmond, Calif.), and stored at 4°C until needed.
Probe preparation. A nonradioactive labeling system (Genius System; Boehringer Mannheim) was used by incorporating digoxigenin-11-dUTP into firststrand cDNA. The cDNA was transcribed from a mixture of 16S and 23S rRNAs from Escherichia coli MRE600 by random priming with reverse transcriptase as described previously (5, 11) . The labeling reaction mixture contained 38 g of 16S and 23S rRNAs from E. coli in 194 l of water, 40 l of digoxigenin DNA labeling mixture, 50 l of a random hexanucleotide, 50 l (10,000 U) of reverse transcriptase, 100 l of buffer supplied with the reverse transcriptase, and 6 l of RNase inhibitor. The labeled probe was then purified as suggested by the manufacturer (Boehringer Mannheim) and stored at Ϫ20°C until it was used.
Hybridization. Prehybridization and hybridization were performed as specified by the manufacturer (Genius System; Boehringer Mannheim).
Statistical analysis. Probability of dependence was determined by chi-square analysis and the Fisher exact two-tailed test. A P value of Ͻ0.05 was considered significant.
RESULTS
The virulence of the S. suis isolates was determined by taking the average clinical sign score per day per animal (Table 1) . In pigs, seven of the isolates were rated highly virulent, 10 were moderately virulent, and 2 were avirulent. Of the 19 isolates tested in mice, 3 were avirulent, 7 were moderately virulent, and 9 were rated highly virulent. Correlation between S. suis virulence in mice and pigs was not statistically significant, although some agreement occurred among highly virulent isolates. Of the seven isolates that were highly virulent in pigs, four were highly virulent in mice, two were moderately virulent in mice, and one was avirulent in mice. A similar trend was seen among the moderately virulent isolates; however, both of 
The letters under each restriction enzyme designate digestion patterns. Isolates with the same letters have the same digestion patterns.
b Isolates highly virulent in pigs.
the isolates that were avirulent in pigs were highly virulent in mice. S. suis strains were isolated from all pigs at necropsy, most often from the brain (55 of the 76 pigs in the study), followed by the lung (33 of 76), joint (16 of 76), and heart (9 of 76). No significant correlation occurred among the numbers of S. suis strains isolated, the organ from which they were isolated, or the severity of disease in pigs (data not shown). However, isolation from the joint was most commonly associated with severe clinical signs. Eleven of the 16 pigs from which S. suis was isolated from the joint were infected with highly virulent isolates.
Clinical pathology data, including leukocyte counts and fibrinogen concentration, were evaluated. The average fibrinogen concentration increased postinoculation in all groups. Average postinoculation fibrinogen levels in groups receiving highly virulent isolates was 60% higher than the day 0 baseline average. The average for groups receiving the moderately virulent isolates increased 10%, and that for groups receiving the avirulent isolates increased an average of 1%. Leukocyte counts also increased, but the increases did not correlate with the severity of disease.
Gross pathology and histopathology ratings were based on the presence of meningitis, pneumonia or pleuritis, pericarditis, and arthritis. Isolates were rated as producing high, moderate, or low lesion scores. The gross pathology (P ϭ 0.004) and histopathology (P ϭ 0.009) scores for the pigs correlated with isolate virulence, on the basis of clinical sign scores, only for the animals receiving highly virulent isolates. No significant correlation occurred between virulence and pathology for animals receiving moderately or avirulent isolates.
Ribotypes varied depending on the restriction enzyme used ( Table 2 ). The PstI and PvuII digestions resulted in six and three distinct hybridization profiles, respectively (Fig. 1A and  B) . A significant majority of the virulent isolates fell within a single group (ribotype B) when their DNAs were cut with either enzyme (P ϭ 0.002). The major differences between ribotype B and the remaining ribotypes in the PvuII digestion were the appearance of a fragment at ca. 3.5 kb and the loss of a fragment between 4.3 and 6.5 kb (Fig. 1B) . The strains of ribotype B in the PstI digestion varied from strains of the other ribotypes mainly in a migration difference in a 3.6-kb band, which appeared at 3.9 kb in strains of the remaining ribotypes, and the presence of double versus a single fragment between 5.3 and 6.5 kb (Fig. 1A) . HaeIII differentiated the isolates into 6 hybridization groups, and EcoRI resulted in further differentiation of the isolates into 10 different ribotypes. In both the HaeIII and EcoRI digestions, a significant number of the virulent isolates remained within unique groupings (P ϭ 0.002). EcoRI and HaeIII digestions further differentiated the isolates that had been grouped together in ribotype B by PstI and PvuII digestions into three groups (ribotypes B, C, and D; Table 2 ). Only slight variations in fragment migrations are seen among these groups; however, prominent differences occurred be- VOL. 36, 1998 IDENTIFICATION OF HIGHLY VIRULENT S. SUIS ISOLATEStween these and the remaining ribotypes. Groups B, C, and D all contained an extra fragment at ca. 2.8 kb and were missing the bottom fragment in the EcoRI digest (Fig. 1C) . In the HaeIII digest, groups B, C, and D demonstrated an extra fragment at ca. 8.7 kb, were missing the fragment at 4.0 kb, and had extra fragments at ca. 2.2 and 2.5 kb. Additional differences in fragments of less than 2.0 kb were also obvious (Fig. 1D) . Hemolysin activity was detected in 5 of the 19 isolates ( Table  1 ). All of the isolates positive for hemolysin activity also were rated highly virulent in pigs on the basis of clinical sign scores. Two of the highly virulent isolates did not secrete detectable hemolysin. Correlation between hemolysin production and virulence, on the basis of clinical sign scores, was significant at P equal to 0.0002. The hemolysin production and virulence correlation, on the basis of gross pathology (P ϭ 0.08) and histopathology (P ϭ 0.03) scores, was also significant for the isolates producing high pathology scores.
DISCUSSION
S. suis type 2 is a major cause of disease in pigs. However, the presence of S. suis in pigs is not a good indicator of disease. Even when carrier rates approach 100%, the prevalence of disease is generally no greater than 5% (6). Even after isolation and biochemical and serological characterization, it is still not clear whether an isolate is pathogenic (37) . This study was designed to determine if certain parameters can be used to differentiate between virulent and avirulent S. suis type 2 isolates.
Mice have been used as a model for S. suis disease in pigs (3, 28, 39) , and results generally indicate that virulence in mice is dose dependent. Recently, Vecht and associates (37) reported that the murine model is not compatible with the pig model for studying S. suis infections. In this study, no significant correlation in virulence between pigs and mice was seen; however, isolates that were highly virulent in pigs were often highly virulent in mice. Of the seven isolates that were highly virulent in pigs, four were highly virulent in mice, two were moderately virulent in mice, and one produced no visible signs of disease in mice. The virulence of moderately virulent and avirulent isolates showed no agreement between species. This is in disagreement with the results of other investigators who have shown that disease conditions in mice were similar to those observed in pigs (3). Inocula were standardized for all isolates to ensure that differences in virulence were not due to dose. Previous studies have often based virulence in pigs on information gathered when the strain was initially isolated, and subsequent studies have not taken into consideration possible changes in virulence as a result of storage and continued subculture. In this study, isolate virulence in both pigs and mice was based on data collected during this study and may explain differences between these and other results.
Clinical pathology results, although indicating the presence of active infections, also did not generate data that could be used to predict virulence. Both leukocyte counts and fibrinogen concentrations were elevated, and group averages postinoculation differed in a group-specific manner, but differences at any one collection were not sufficiently distinct among the groups to be indicators of virulence.
Isolation of S. suis at necropsy in conjunction with gross pathology and histopathology analyses is the benchmark for the diagnosis of S. suis infection. For pigs receiving highly virulent S. suis isolates, there was significant correlation between pathology and severity of clinical signs (P ϭ 0.004). Isolation of S. suis alone was the least accurate predictor of severity of disease. Isolation from the brain, heart, and lungs indicated the ability of the isolates to invade but did not indicate the disease-causing potential of the strains.
DNA fingerprinting shows genomic differences between strains of the same species and has been used to show differences in strains within the same serotype of S. suis (21) . Restriction fragment length polymorphism analysis of S. suis has been shown to be an effective tool for examining the natural history of S. suis disease (2). However, large numbers of DNA bands make comparisons difficult and unreliable (24) . Ribotyping has been used to study a number of bacterial pathogens (4, 7, 11, 25, 38) . One advantage of using this procedure with bacteria is the presence of evolutionarily highly conserved sequences, which can provide valuable taxonomic, diagnostic, and epidemiological information (14) . Ribotyping has been used to show that some Listeria monocytogenes strains from a single environment may be more apt than others to cause disease (38) . Okwumabua et al. (24) showed that S. suis virulence could be determined by ribotyping, and pathogenic strains of S. suis types 1 and 2 have also been recognized by a unique ribotyping profile (32) .
The restriction endonucleases PvuII, PstI, EcoRI, and HaeIII all digested S. suis DNA in this study. As reported previously (2, 22, 24) , a high degree of genomic heterogeneity occurs among S. suis type 2 isolates. In this study, striking differences in ribotype patterns are immediately apparent between the highly virulent and the avirulent and moderately virulent isolates. Much heterogeneity in ribotyping patterns is seen among moderately and avirulent isolates. Hybridization of both the PstI-and PvuII-digested fragments with the cDNA probe resulted in a single, unique hybridization profile for a majority of the virulent isolates. Five of the seven highly virulent isolates fell within this group (ribotype B). Digestion with EcoRI and HaeIII further differentiated the isolates from group B into three subgroups, and although the same isolates remained within these three unique subgroups, variation within the subgroups indicated differences between the isolates. The presence of unique hybridization patterns among highly virulent isolates remained, regardless of which enzyme was used. Beaudoin and associates (2) also showed homogeneity among isolates causing septicemia by restriction endonuclease patterns. In this study, all isolates with the unique restriction analysis profiles were isolated from pigs with clinical cases of infection at the Kansas State University Diagnostic Laboratory and were received from various geographical locations in Kansas from 1989 to 1995. This supports the previous suggestion of a clonal association with virulence (2). Two isolates that had been characterized as highly virulent by clinical sign scores did not fall within the unique ribotype groups. One isolate (isolate DH5) was recovered from the brain of a pig with meningitis in Minnesota (22) , but in a subsequent challenge study, it did not produce disease (10) . In this study, the DH5 isolate was the most virulent isolate tested on the basis of morbidity and mortality. The difference in virulence between the two studies may have been due to the route of inoculation (intravenous versus intranasal in the original challenge) or due to changes in virulence due to storage, subculture, or pig passage. The intravenous inoculation of S. suis type 2 has been shown to result in a higher incidence of disease in pigs when compared to that from the intranasal route of inoculation (5) .
The virulence factors of S. suis are not well defined. Virulent S. suis type 2 isolates possess a MRP and EF that are both necessary for full expression of virulence by type 2 isolates (31, 35, 36) . The DH5 isolate presents a unique MRP* EF Ϫ phenotype in which an MRP-like protein is produced (10) . The fact that the DH5 isolate was recovered from a pig with men-ingitis and did not have the MRP ϩ EF ϩ phenotype suggests that other virulence factors are involved.
S. suis isolates also produce a thiol-activated hemolysin (8, 16) , which has been implicated as a virulence factor in a number of bacteria (1, 9, 26) ; however, its role as a virulence factor in S. suis infection is not known. The in vitro production of hemolysin by S. suis strains isolated from diseased pigs suggests a correlation with disease (18) , and protection studies with pigs (16) and mice (17) indicate that it is involved in protection. Although all 19 S. suis isolates exhibited ␣-hemolysis on sheep blood agar plates, quantitatable hemolysin activity was detected by the hemolysin assay in only 5 of the 19 S. suis type 2 isolates in this study. Interestingly, these five isolates are the same five isolates that fell within the unique ribotype groups, and all were rated highly virulent. This suggests that the amount of hemolysin produced, rather than the presence or absence of visible hemolysis on blood agar plates, may be an important virulence marker. Further study needs to be done with purified hemolysin to determine its exact role in the pathogenesis of disease. This and other studies indicate that it is an important virulence factor and is involved in protection against S. suis infections (16) (17) (18) . While the use of a hemolysin assay in the diagnosis of S. suis is probably not feasible, work on the development of a hemolysin-containing vaccine needs to be done.
This study also indicates that ribotype patterns and hemolysin production can be used to identify highly virulent S. suis type 2 isolates. In spite of heterogeneity among S. suis isolates, homogeneity among the virulent isolates suggests that ribotyping may be useful in the diagnosis of highly virulent S. suis type 2 infections and in studying the epidemiology of S. suis type 2 disease.
